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hypoxia. These studies demonstrate that maximum exercise capacity, peak ventilation, peak oxygen uptake, and peak heart rate decrease with increasing altitude (Pugh, 1962) .
In 1987, 8 subjects and 27 investigators participated in the Operation Everest II study at the United States Army Research Institute for Environmental Medicine. This study simulated a 40 day ascent to the summit of Mount Everest in order to further understand the physiological adaptations at high altitude. Over the course of 40 days, subjects were gradually decompressed to the Mount Everest summit equivalent. Throughout the time course of the experiment researchers conducted a large number of experiments across multiple organ systems (Wagner, 2010) .
One of the primary findings from Operation Everest II, one of two major multidisciplinary studies in high altitude physiology, was the effect of hypoxia on exercise capacity.
Researchers found that VO2max progressively falls with altitude (Calbert et al, 2002) . At this time, it was well known that cardiac output at maximal exercise is much lower in chronic hypoxia than at sea level. This was further established in Operation Everest II.
However, researchers in Operation Everest II attempted to find a potential mechanism for this decrease in maximal cardiac output. Surprisingly, researchers found that maximal cardiac output is higher at altitude at any given filling pressure (Reeves et al, 1987) . Similarly, researchers found that right ventricular function was maintained at altitude, despite pulmonary arterial hypertension (Groves et al, 1987) .
From these studies, we also learned a great deal about the pulmonary response to chronic hypoxia. Probably the most well-known major response to hypoxia is hyperventilation. Operation Everest II further demonstrated this response and found their data indistinguishable from data taken from actual Everest summit studies. Of important note is the fact that Operation Everest II study subjects completed their "summits" in a resting position. Therefore, their ventilatory responses are solely indicative of the ventilatory response to hypoxia (Suttton, et al 1985 , Schoene et al, 1990 ).
The challenge of ascending to altitude
Ascent to altitude presents a significant challenge to the human body and, at or above 1500m, the ability to deliver oxygen to tissue is greatly affected. Even further, the greater the altitude, the greater the challenge. For example, consider the challenge of ascending to the top of Mount Everest. At 8400 meters, the atmospheric pressure at the summit is 272 mmHg. Using this atmospheric pressure, we can calculate the partial pressure of inspired oxygen. Using Dalton's Law, (272mmHg -47mmHg) is multiplied by the fraction of inspired oxygen (0.209) yielding an inspired partial pressure of oxygen of 47 mmHg, which is nearly 1/3 the partial pressure of oxygen at sea level (149 mmHg). Substituting these values into the alveolar gas equation and assuming a PaCO2 of 40 mmHg, the at sea level alveoli are amply oxygenated at 100 mmHg. In contrast, if there were no ventilatory compensation, at the summit of Everest there would not be enough oxygen in the alveoli to create a driving pressure for the transport of oxygen into the pulmonary capillaries.
The low partial pressure of oxygen causes systemic hypoxemia and a multitude of maladaptations and deleterious effects. These effects often initially present themselves as altitude sickness, which includes headache, dizziness, nausea, vomiting, fatigue, and shortness of breath (Schoene, 2008) . Of greater concern is the risk of high altitude pulmonary edema (Gupta et al, 2017) .
Physiological compensations at altitude
There are several important physiological adaptations that compensate for systemic hypoxemia. Upon the ascent to high altitude, there is an immediate increase in ventilation, followed by an increase in the sensitivity of the carotid body. Over approximately two weeks the carotid bodies increases sensitivity to hypoxemia and results in an increase in ventilation. This causes alveolar oxygen pressure and subsequently arterial oxygen content to both increase.
There is an immediate increase in cardiac output (Q) at altitude (Naeije, 2010) . This increase in cardiac output is a result of an increase in sympathetic outflow to the heart, with the major contributor to the increase being an increase in heart rate (HR). Further, alveolar hypoxemia causes pulmonary vasoconstriction which leads to an increase in pulmonary artery pressure (Reeves et al, 2001 ). This improves ventilation and perfusion matching in the lung by diverting blood away from regions of low PO2 to regions with high PO2, thereby optimizing the arterial PO2 (Swenson, 2012) .
Additionally, within a few hours, hypoxia stimulates the secretion of erythropoietin (EPO), an important factor which stimulates the production of RBCs in the bone marrow. This increase in RBC content further improves the oxygen carrying capacity in the blood (West, 2012) . At the tissue level, hypoxia-inducible factor-1α stimulates vascular endothelial growth factor (VEGF). VEGF stimulates angiogenesis and thus further augments blood flow and further increases oxygen delivered to the tissues (Semenza, 2000) . Improvements in oxidative metabolism are also seen after several days/weeks due to an increase in skeletal muscle capillary density, mitochondrial concentration, and aerobic enzyme concentration (Young et al, 2002) .
Prematurity and surfactant as a treatment
In the United States, nearly 12% of all babies are born prematurely, with prematurity described as less than 37 weeks gestational age (WHO, 2018) . This amounts to approximately 500,000 premature births per year. Current treatments to improve prematurely born babies' survival rates include mechanical ventilation, supplemental oxygen, permissive hypercapnia, steroids, hemodynamic support, and pulmonary surfactant.
Pulmonary surfactant is a surface active lipoprotein complex produced by type II alveolar cells. In the alveoli, pulmonary surfactant acts to decrease surface tension, thereby increasing pulmonary compliance and preventing atelectasis (or collapse of the lung) (Church et al, 2009) . Today, there are many synthetically derived forms of pulmonary surfactant including colfosceril palmitate (Exosurf), Pumactant (ALEC), and Venticute (DPPC) and animal derived surfactants including Beractant (Alveofact), calfactant (Infasurf) and Poractant alfa (Curosurf). These artificial surfactants are generally administered as a single bolus or via continuous instillation (Nouraeyan, et al 2014) .
Until the implementation of surfactant as the standard of care for prematurely born babies in 1991, the mortality rate for babies born prematurely was significantly higher than today. Of babies born at 26 weeks gestational age in the 1980s, only 60% survived into adulthood (Glass HC et al, 2015) . This time point is of great interest because at this point in development, the fetal lungs are still in a saccular stage. That is, the alveoli, the primary location of gas exchange in the lungs, have not begun to develop (Smith et al, 2010) . Alveolarization does not begin until week 36. Further, fetuses only begin to produce surfactant between weeks 29 to 30 (Smith et al, 2010) .
Generally, by week 36, most fetuses have produced enough surfactant to keep alveoli from collapsing. Most babies born before 36 weeks of gestation will likely require some degree of surfactant replacement therapy and oxygen therapy Deleterious effects of supplemental oxygen Birth is a dynamic and important period of development for the carotid body. (Teppema and Dahan, 2010) . In regards to the development of the carotid body, there are three important events that occur post-natally; the activation threshold to PaO2 increases from <25mmHg to ~55mmHg, CO2's ability to modulate responsiveness improves, and there is an overall increase in carotid body volume and receptor and neurotransmitter expression. These changes in the carotid body allow for normal control of breathing (Blaco et al, 1984) .
The carotid body morphometry and a normal ventilatory response is highly dependent upon the perinatal environment. The ventilatory response to hypoxia was described in a group of three month old infants born ~27 weeks gestational age, with and without bronchopulmonary dysplasia (BPD) (Calder et al, 1994) . Bronchopulmonary dysplasia is a disease of prematurity caused, in part, by supplemental oxygen exposure (Jobe, 2011) .
Compared to the infants born prematurely that did not need mechanical ventilation or supplemental oxygen, infants with BPD failed to increase ventilation in response to hypoxia. Further, infants with BPD lack hyperoxic ventilatory depression (Katz-Salamon et al, 1995) . These findings suggest that perinatal supplemental oxygen exposure is associated with impairments in carotid body function and that both the carotid body contribution to baseline ventilation and the response to hypoxia are diminished.
Further research in rodents has improved our understanding of the mechanisms linking perinatal hyperoxia and carotid body function. In 1996, Ling et al. demonstrated that supplemental oxygen exposure at birth blunts the ventilatory response to hypoxia in a rodent model (Ling et al, 1996) . Further, deficits in normal carotid body function that are a result of perinatal supplemental oxygen are caused by a combination of impairment of O2 sensitivity (Bavis et al, 2011) , carotid body hypoplasia (Bisgard et al., 2011) and decreased total afferent neuron number (Bavis et al., 2013) . In a rat model of BPD, these ventilatory control impairments have been shown to persist into adulthood (Ling et al., 1997) .
Our lab was among the first to examine the effects of perinatal supplemental oxygen on the hypoxic ventilatory response later in life. Two 20-year old women, one born prematurely and exposed to perinatal supplemental oxygen and one term-born, were exposed to 5 minutes of 12% oxygen. Comparing their minute ventilations, the woman exposed to perinatal supplemental oxygen demonstrated a blunted response to hypoxia compared to the term-born control (Bates, 2013) . We further examined a cohort of adults between the ages of 18-21 years. Comparing the minute ventilation response to 5 minutes of isocapnic, isobaric hypoxia (12% oxygen) in adults that were born full term to those that were born prematurely, we again found that those born prematurely have a blunted ventilatory response to hypoxia (Bates, 2014) . These findings further suggest that perinatal supplemental oxygen affects the ventilatory response to hypoxia, later into life.
The Role of the Carotid Chemoreceptors
The carotid chemoreceptors are peripheral chemoreceptors that are the body's primary It is well established that the carotid bodies play a crucial role in the hypoxic ventilatory response to hypoxia. Interestingly, the carotid bodies play a crucial role in the hypoxic pulmonary vasoconstrictor response (HPV) as well. HPV is when small pulmonary arteries constrict in the presence of alveolar hypoxia. HPV redirects blood flow away from poorly ventilated regions of the lung to well-ventilated regions of the lung. While this response is advantageous in instances of regional hypoxia to increase overall gas exchange efficiency, this response may be detrimental during global alveolar hypoxia, like that seen at high altitude. HPV causes as significant increase in pulmonary vascular resistance and pulmonary arterial pressure that may lead to pulmonary hypertension and pulmonary edema (Sylvester et al, 2012) Chapleau, et al. completed a study in 1988 using vagotomized and intact dogs that were exposed to lung hypoxia, with and without carotid body stimulation. As expected, lung hypoxia increased pulmonary vascular resistance, but this was reduced by hypoxic blood stimulation of the carotid body. Vagotomized animals did not increase pulmonary vasoconstriction when the carotid bodies were exposed to hypoxic blood, suggesting the vagus nerve conveys signals from carotid bodies that attenuate the hypoxic pulmonary vasoconstrictor response (Chapleau et al, 1988) .
Supported by Chapleau, et al.'s mechanistic study linking the carotid body to the hypoxic pulmonary vasoconstrictor response, Albert et al., completed a study in healthy adults comparing the hypoxic vasoconstrictor response to the hypoxic ventilatory response. These investigators measured the normobaric poikilocapnic hypoxic ventilatory response to 15 minutes of 12% oxygen. The hypoxic pulmonary vasoconstrictor response was measured as the peak pulmonary arterial systolic pressure (PASP). They found that the relationship between the hypoxic ventilatory response and the pulmonary arterial systolic pressure were inversely correlated such that as the hypoxic ventilatory response increased, the hypoxic vasoconstrictor response decreased (Albert et al, 2014) . This suggests that these responses are mechanistically linked, presumably through the carotid bodies.
Hypothesis
To date work aimed at understanding the acclimatization to altitude has been completed in healthy, term-born organisms with no perinatal stress. To determine whether perinatal exposure to supplemental oxygen influences this relationship, our lab conducted experiments using a well-established Sprague Dawley rat model of perinatal supplemental oxygen exposure. We hypothesized that the relationship between the hypoxic ventilatory response and the hypoxic vasoconstrictor response would be uncoupled in animals exposed to neonatal supplemental oxygen.
METHODS
Animal model and supplemental oxygen exposure
Sprague-Dawley animals were selected for our experiment as they have saccular stage lungs at birth and prematurely developed carotid bodies, similar to that of a prematurely born infant (Ling et al, 1996) . Twenty-two pups were delivered by two timed dams (Charles River Laboratories, Inc.). At birth, dams and pups were randomly assigned to one of two experimental groups, normoxia (21% oxygen) and hyperoxia (80% oxygen) and were placed in separate but identical O2 Control Cabinets (COY Lab Products, Grass Lake, MI.). The normoxic group from Dam 1 (n=14, 7 females, 7 males) received 21% oxygen while the hyperoxic group from Dam 2 (n=8, 3 females, 5 males) received 80% oxygen for 14 consecutive days. Dams were rotated daily between the 0.21 and 0.80 FIO2 cabinets to prevent hyperoxia induced lung injury. An O2 Controller cabinet sensor maintained a desired oxygen fraction (FIO2) accurate to 0.1. The gas mixture was delivered to the chambers via external oxygen (O2) and nitrogen (N2) gas cylinders (Praxair, Danbury, CT). Filtration systems (Coy Lab Products) were used to remove byproducts of respiration such as carbon dioxide (CO2) and ammonia from the cabinets. 
Conscious ventilatory response to graded hypoxia
Our barometric plethysmography protocol has been described and validated elsewhere (Morgan et al, 2014) . All equipment was calibrated according to this protocol. Awake rats were placed in a 2L commercial plethysmograph (EMKA Inc). A pulse oximetry collar was placed around the neck (MouseOx, Starr Labs) for continuous monitoring of heart rate and arterial oxygen saturation (SpO2). Room barometric pressure and temperature were recorded, as well as the temperature inside the plethysmograph, every two minutes during the experiment. Animals were exposed to four oxygen levels 6-9 months post-hyperoxia exposure, for 10 minutes each -21%, 15%, 12% and 9% oxygen. During the first five minutes, the inlet gas concentration was measured (Gemini respiratory gas analyzer, CWE Inc).
During the second five minutes of each stage, the outlet concentration and respiration were measured. At the beginning of the experiment and end of each stage, rectal body temperature was measured.
Tidal volume was calculated using the Drobaugh and Fenn method. Frequency was calculated from the peak to peak duration. Minute ventilation (VE) was calculated as the product of tidal volume (VT) and frequency (f). Oxygen consumption (VO2) and carbon dioxide production (VCO2) were calculated from the inspired and expired O2 and CO2 concentrations and volumes. Ventilatory and metabolic measures were recorded at 1000 Hz and analyzed in 15s increments (LabChart software (ADInstruments-North America, Colorado Springs, CO, 2018). VE/VCO2 was calculated as a ratio of minute ventilation over carbon dioxide production. Following ventilatory measurements animals were returned to normal animal housing.
Hemodynamic measurements and 10 minute hypoxia challenge We have previously described our intracardiac catheterization for the measurement of cardiac output and right ventricular pressure in detail (Bates et al, 20132) . Briefly, rats were anesthetized (urethane 1-1.3g/kg, i.p.), intratracheally intubated (PE180) and ventilated at a rate just sufficient to abolish spontaneous ventilation (8-12 mL/kg). An This was chosen because it yielded a SpO2 that was similar to that observed in conscious animals breathing 9% O2. Five second averages for all variables were calculated every 20 seconds for 60 seconds before the start of the exposure and throughout its duration. All animals were mechanically euthanized at the end of the experiment in accordance with established guidelines.
Data Analysis
Ventilatory and metabolic variables during normoxia and graded hypoxia were compared by one-way, repeated-measures ANOVA with Dunnett post hoc tests. For analysis of the ventilatory response data, we attempted to fit the individual functions, but as we have previously described, there is no single curvilinear function that is appropriate for each individual. Therefore, linear regression analysis was used to quantify ventilatory dose-response relationships and the slopes of these regressions were compared with ANOVA to evaluate between group differences. Differences with P-values < 0.05 were considered statistically significant. In the text, tables, and figures, data are shown as means ± SE.
RESULTS
Conscious ventilatory response to graded hypoxia
SpO2 at baseline was not different between 21% and 80% groups (92.7 ± 0.8, 21%, 92.4 ± 0.8, 80%, p>0.05, Figure 2 ). Brown Norway rats exhibited a slightly elevated SpO2 compared to 21% controls at baseline (p<0.05). (96.± 0.5, BN vs 92.7 ± 0.8, 21%, Table 1 ). As expected, all groups exhibited decreases in SpO2 as FIO2 decreased. Animals in the 80% group were not different in terms of minute ventilation compared to 21% group at baseline. (82.76 ± 8.46, 21% vs 104.15 ± 9.85, 80% p>0.05) ( Figure 3A , Table 1 ). Brown Norway rats trended toward significance compared to 21% controls at baseline (131.575 ± 22.58, BN vs 82.76 ± 8.46, 21%. p=0.054). As expected, the 21% group increased their minute ventilation as SpO2 decreased. This increase in VE was blunted in the Brown Norway group, similar to that seen in previous studies (Donovan et al, 2011) (p<0.05) . Animals in the 80% group demonstrated a similar increase in VE in response to decreasing SpO2 compared to 21% controls (p>0.05). Tidal volume (VT) was not different between the 21% and 80% groups at baseline (0.8414 ± 0.0894, 21%, 0.7330 ± 0.045, 80%, p>0.05) ( Figure 3B , Table 1 ). Brown Norway rats exhibited an elevated tidal volume compared to 21% controls at baseline (1.4304 ± 0.1904, BN, vs 0.8414 ± 0.0894, 21%, p<0.05, Table 1 ). Both the 21% and 80% groups exhibited similar increases in VT in response to hypoxia (p>0.05).
Ventilatory frequency was not different at baseline between all groups (121.545 ± 12.545, 21%, 141.674 ± 8.674, 80%, 89.9175 ± 6.7175, BN, p>0.05, Figure 3C , Table   1 ). The 21% animals increased ventilation to a lesser degree compared to 80% animals (p<0.05). Brown Norway animals demonstrated a blunted frequency response to hypoxia (p<0.05 compared to 21% controls). The increase in minute ventilation is still apparent in both 21% and 80% groups when corrected for metabolism (VE/VCO2. Figure 3D ). 80% animals exhibited a greater increase in VE/VCO2 compared to 21% controls (p<0.05). These responses to hypoxia were blunted in the Brown Norway group (p>0.05), similar to previous studies (Donovan et al, 2011) . Comparing the overall hypoxic ventilatory response between groups, there was no statistical difference between the 21% and 80% groups ( Figure 3E ) (p>0.05). However, the 80% animals demonstrated a statistically greater hypoxic ventilatory response compared to Brown Norways (p<0.05). We therefore conclude that perinatal supplemental oxygen does not significantly alter the ventilatory response to hypoxia in 6-9 month old rats. 
compared to 21%. Contrary to our hypothesis, minute ventilation response (A) and its components, tidal volume (B) and frequency (C), were not depressed by perinatal supplemental oxygen. Similarly, the response in VE/VCO2 to hypoxia was not altered (D & E).
Hemodynamic responses to hypoxia
SpO2 at baseline and during hypoxia was not different between groups ( p>0.05) Left ventricular end systolic pressure (LVESP) was not different between groups at baseline (125.84 ± 7.16 for 21% and 112.399 ± 6.40 for 80%, p>0.05). At baseline, the RVESP was 3.9 mmHg higher in the 80% group, compared to control (46.6±3.8 vs 50.5±3.0 mmHg, respectively p<0.05, Table 1 ). During hypoxia, the 21% group exhibited a small and sustained 2-3 mmHg increase in RVESP ( Figure 4A ). This is consistent with other studies of hypoxia in rats that demonstrate only minor increases in RVESP in this species (Nattie et al, 1978) . In contrast, the 80% group demonstrated a 10-11 mmHg increase in RVESP above baseline (p<0.001 compared to control). Because of the variability in baseline TPVR (4.0±0.5 mmHg/mL/min for 21% vs 3.8±0.4 mmHg/mL/min for 80%, p>0.05), we expressed these values as a percent change from baseline. Total pulmonary vascular resistance increased in the 21% group by 8% above baseline, consistent with hypoxic pulmonary vasoconstriction ( Figure 4B ). The 80% group, however, demonstrated a 7% decline in TPVR, with a trend toward increasing in the last two minutes of the exposure (p<0.001 compared to controls).
Rats exposed to 21% oxygen experienced little sustained change in cardiac output and its components, stroke volume and heart rate. In contrast, 80% rats had a higher baseline cardiac output (13.34±1.44, 21% vs 16.74±2.86 80%, p<0.05) ( Figure 4C ), thereby explaining the higher resting RVESP, and had a sustained 4mL/min increase in cardiac output with hypoxia (p<0.001 compared to controls). This increase in cardiac output was driven by a 52 bpm increase in heart rate above baseline (p<0.001 compared to controls for the group x time interaction) ( Figure 4D ) and secondarily by a 6 µL increase in stroke volume (p<0.001 compared to control) ( Figure 4E ). 
compared to 21%. Rats exposed to perinatal supplemental oxygen have increased RVESP (A). This is a result of an increase in cardiac output (C), which is driven by increases in both HR (D) and stroke volume (E). This is not due to an increase in TPVR (B)
Relationship between the hypoxic ventilatory and vasoconstrictor responses
In the 21% rats, the hypoxic ventilatory response was linearly and inversely related to the hypoxic pulmonary vasoconstrictor response. That is, rats with the highest ventilatory responses had the lowest peak right ventricular pressures with hypoxia (R 2 =0.43 and p=0.028). By comparison, the ventilatory and vasoconstrictor responses to hypoxia in the 80% were unrelated and trended toward the opposite direction (R 2 =0.45 and p=0.071) ( Figure 5 ). 
Potential sex differences in the recovery of the ventilatory response to hypoxia
At baseline there was no difference in VE between male and female rats (97.2±13.4 male vs 115.7±15.3 female, p>0.05) ( Figure 6A , Table 2 ). While not statistically significant, male rats tended to increase VE to a slightly greater degree than their female counterparts, particularly at the later stages of hypoxia. Both male and female rats increased VE as SpO2 decreased. When considering the overall increase of VE in the 80% groups, it is clear that the male group was the largest contributor to the overall increases in VE. We believe this may suggest that the male Sprague Dawley rats may recover more of their ventilatory response to hypoxia after 6-9 months in comparison to their female counterparts. At baseline there was no difference in VT between male and female rats, and this was maintained throughout the exposure (p>0.05, Figure 6C , Table 2 ). The main contributor to the slight difference in VE between male and female rats was frequency, specifically at the later stages of hypoxia (p<0.05, Figure 6D , Table   2 ). There was no difference at baseline or throughout the exposure in VE/VCO2 between male and female rats (p>0.05, Figure 6B , Table 2 ). Both male and female rats increased VE/VCO2 as SpO2 decreased. When comparing VE/VCO2, the increase in the 80% male group are largely driven by increases in ventilation. While by comparison, the changes in the 80% female group are largely driven by decreases in metabolic 
. Comparing 80% males (n=5) to 80% females (n=3). Male rats exposed to perinatal supplemental oxygen have an increased minute ventilation response to hypoxia compared to female rats of the same exposure (A). This is a result of an increase in breathing frequency (D), not tidal volume (C). There were no differences in VE/VCO2 (B).
DISCUSSION
The overall purpose of our study was to compare the ventilatory and vasoconstrictor responses to hypoxia in animals exposed to supplemental oxygen exposure. Previous work around the physiological response to altitude was performed in an era where survival of very-and extremely-premature infants was rare. For that reason we examined whether perinatal supplemental oxygen exposure alters the relationship between the hypoxic vasoconstrictor response and the hypoxic ventilatory response in a rat model of prematurity. Indeed, we found that perinatal supplemental oxygen exposure uncouples this relationship. Specifically, the hypoxic vasoconstrictor response is altered by perinatal supplemental oxygen exposure.
Restoration of the hypoxic ventilatory response in 80% Sprague Dawley Rats
A unique feature of our experiment is that we performed our measurements in animals that were older (6-9 months) than most of the animals used in similar studies in our field (Bavis et al, 2011) . To our surprise, 80% Sprague Dawley animals exhibited a similar ventilatory response to hypoxia ( Figures 3A, 3B , 3C) compared to their 21% controls.
Chronic hyperoxia alters carotid body development. Ling et al (1996) demonstrated in rats reared in 60% O2 that the HVR remains blunted 3-5 months later. Another paper from the same group showed recovery of the response in similar aged animals.
Therefore, it is unclear whether the impairments to the carotid body are truly permanent.
There may be a period of recovery of the functions of the carotid chemoreceptors.
We did not preserve the carotid bodies for histology. Therefore, we cannot truly link the recovery in the hypoxic ventilatory drive to recovery of the carotid body. In studies of carotid body denervation, there is an immediate decline in baseline ventilation and an increase in end tidal PCO2. This is transient as there is plasticity in other chemoreceptors, including the aortic bodies, that allow for the recovery of the ventilatory drive (Hodges et al., 2012) Potential sex differences in the recovery of the ventilatory response to hypoxia 80% female animals demonstrated minimal changes in VE (115.7±15.3 and 159.4±8.6) ( Figure 6A , Table 2 ). The minimal changes to VE in the 80% female group was representative of the changes in VT and f ( Figures 6C and 6D ). 80% male animals increased VE (97.2±13.4 and 235.8±48.8) in response to graded hypoxia ( Figure 6A ).
This increase in VE in the 80% male group was driven by increases in both VT and f ( Figures 3C and 6D) . When considering the overall increase of VE in the 80% groups, it is clear that the male group was the largest contributor to the overall increases in VE.
We believe this may suggest that the male Sprague Dawley rats may recover more of their ventilatory response to hypoxia after 6-9 months in comparison to their female counterparts. When comparing VE/VCO2, the increase in the 80% male group are largely driven by increases in ventilation. While by comparison, the changes in the 80% female group are largely driven by decreases in metabolic production ( Figure 6B ).
Varying cardiovascular responses to hypoxia in the awake vs the sedated 80%
exposed rat
Our findings demonstrate a link between the hypoxic ventilatory response and the hypoxic vasoconstrictor responses in 80% exposed rats, there is some discrepancy in the cardiovascular responses to hypoxia in the awake vs the sedated 80% exposed animals. Specifically, awake, 80% exposed rats, exposed to stepwise reductions in oxygen demonstrated an initial increase in heart rate, followed by a drastic decrease at the lowest percent oxygen. Metabolism and heat production via non-shivering thermogenesis in brown adipose tissue (BAT) are regulated by the sympathetic nervous system. Stimulation via hypoxia of arterial chemoreceptor afferents was shown to correspond with a reduction in sympathetic outflow to BAT and thus inhibiting nonshivering thermogenesis (Cannon et al, 2004) . This reduction of non-shivering thermogenesis further reduced body temperature and metabolic rate in response to hypoxia. Therefore, carotid chemoreceptor sensitivity has an effect on the ventilatory response to acute hypoxia through direct reflex stimulatory effect on the brain stem and indirectly through its inhibitory effect on metabolic rate via the withdrawal of sympathetic outflow to BAT (Morgan et al, 2014) .
Conversely, sedated 80% rats exposed to stepwise reductions in FIO2 demonstrated a robust and sustained increase in HR as FIO2 decreased. However, these animals were placed on a heating pad where body temperature was maintained at 37-38C. In previous work, hypoxia does not impact shivering themogenesis when the body temperature is maintained at or above 37C. This may have allowed us to observe an increase in hypoxia-induced sympathetic tone that increased heart rate that we could not observe in the conscious animal.
Applications to humans born prematurely
Children are already particularly sensitive to high altitude pulmonary edema. In 1977, Scoggin et al. reported that approximately 45% of children <10 years old get high altitude pulmonary edema traveling to Leadville, CO, compared with 10% of adults aged 20-30 (Scoggin et al., 1977) . However, these data were collected in a period where prematurity was rare. Based on our recent findings, we believe that children that are born prematurely and given supplemental oxygen may be at even greater risk for high altitude pulmonary edema than was previously thought. This is an important area of research that should be integrated into future consensus statements on children traveling to altitude (Pollard et al., 2001 ).
Limitations and Future Study
Our study specifically examined the effect of perinatal supplemental oxygen exposure in 6-9 month old Sprague Dawley rats. Other investigators have also examined animals during a narrower time frame, albeit at a younger age, (Bavis et al, 2011 , Ling et al, 1996 . It will be important to understand the time course by which the ventilatory response to hypoxia is recovered in animals exposed to perinatal supplemental oxygen, and how this is associated with pulmonary vascular function.
While we were not able to further investigate the mechanisms by which the vasoconstrictor and ventilatory relationships become uncoupled, a future study involving similar perinatal oxygen exposure procedures, coupled with carotid body denervation may elucidate the role of the carotid body in the uncoupling of the hypoxic pulmonary vasoconstrictor and ventilatory relationships. Physiologically, we attribute the hemodynamic changes in response to hypoxia to an increase in sympathetic tone.
While we did not specifically measure sympathetic tone, in the future, it will be necessary to measure sympathetic tone to further understand their role in the relationship between the hypoxic vasoconstrictor response and the hypoxic ventilatory response.
Conclusion
The above findings present novel evidence that perinatal supplemental oxygen alters the relationship between the hypoxic ventilatory response and the hypoxic vasoconstrictor response. In our study, perinatal supplemental oxygen exposure did not alter the ventilatory response to hypoxia. However, it did alter the hypoxic vasoconstrictor response in such a way that uncoupled the relationship between the hypoxic ventilatory response and the hypoxic vasoconstrictor response. This uncoupling may be important clinically in the sense that individuals who are born prematurely and are administered supplemental oxygen may be more susceptible to high altitude sickness and high altitude pulmonary edema later in life. Mean ± SEM. FIO2, fraction of inspired oxygen; SpO2, arterial oxygen saturation, ;VE, minute ventilation; fB, breathing frequency; VT, tidal volume; VO2, oxygen consumption; VCO2, carbon dioxide production; RQ, respiratory quotient. *=p<0.05 compared to normoxia. 
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